Abstract In TFT-LCD industry, water plays a variety of roles as a cleaning agent and reaction solvent. As good quality water is increasingly a scarce resource and wastewater treatment costs rises, the once-through use of industrial water is becoming uneconomical and environmentally unacceptable. Instead, recycling of TFT-LCD industrial wastewater is become more attractive from both an economic and environmental perspective. This research is mainly to explore the capacity of TFT-LCD industrial wastewater recycling by the process combined with membrane bioreactor and reverse osmosis processes. Over the whole experimental period, the MBR process achieved a satisfactory organic removal. The COD could be removed with an average of over 97.3%. For TOC and BOD 5 items, the average removal efficiencies were 97.8 and 99.4% respectively. The stable effluent quality and satisfactory removal performance were ensured by the efficient interception performance of the UF membrane device incorporated with biological reactor. Moreover, the MBR effluent did not contain any suspended solids and the SDI value was under 3. After treatment of RO, excellent water quality of permeate were under 5 mg/l, 2.5 mg/l and 150 µs/cm for COD, TOC and conductivity respectively. The treated water can be recycled for the cooling tower make-up water or other purposes.
Introduction
Recycling water from industrial wastewater offers tremendous benefits from both a cost of ownership as well as minimizes any risk of shortage water. Thus, to meet stringent water reuse standards, the conventional activated sludge process has to be enlarged and combined with membrane unit. The integration of membranes with bioreactors for treatment of wastewater has presented attractive features that conventional treatment processes cannot achieve (Stephenson et al., 2000) . These include reliability, compactness, and excellent treated water quality. It is particularly attractive in situation where water recycling is required, such as TFT-LCD (thin film transistor liquid crystal display) industrial wastewater.
The TFT-LCD industry, developed very fast over the past decade in the world, is a high technological manufacturing. Many countries concentrate on its development because of the demand for these products increases quickly. A number of opto-electronic industries consist of the following processes: (1) array, (2) color filter, and (3) liquid crystal. All of these steps need large quantities of organic solvent as developers, strippers and rinses, result in the discharge of large amounts of wastewater. In addition to organic carbon, such as dimethyl sulphoxide (DMSO, (CH 3 ) 2 SO) and isopropyl alcohol (IPA, CH 3 CHOCH 3 ), the wastewater often contains a significant quantity of organic nitrogen compounds, such as ethanolamine, (MEA, C 2 H 5 ONH 2 ) and tetra-methyl ammonium hydroxide (TMAH, (CH 3 ) 4 NOH). In particular, the organic nitrogen has a ratio to total nitrogen over 95%, which is different from the ammonia ratio of 80% in animal production plants wastewater and municipal wastewater. Therefore, development of the advanced treatment processes have been accelerated significantly over the past decade due to the more stringent discharge standard as well as water reuse and reclaim standards.
Membrane bioreactors (MBR) with anoxic stage have been used for nitrogen removal in municipal wastewater (Suwa et al., 1992) . However, the application of the MBR system in treatment of industrial wastewater is still in its infancy. While there are many similarities in the design parameters for municipal plants, industrial plants show considerable variation in design, control and operational performance. This is attributable to the significantly greater differences between industrial wastewater feed compositions and the associated variation in sludge characteristics. In order to demonstrate the technical and economic advantage of applying the MBR system, a 2-stage anoxic/aerobic bioreactor combined with a submerged UF membrane system was applied in this study for carbon and nitrogen removal. Furthermore, a reverse osmosis (RO) plant was employed for dissolved mineral materials and carbon removal.
Methods Experimental setup
A MBR combined with RO system shows in Figure 1 was used in this study. The MBR system consisted of a 2-stage anoxic/aerobic bioreactor, which had a 3 m 3 anoxic tank and a 10 m 3 aerobic tank for carbon and nitrogen removal. A membrane unit with hollow fiber membranes, manufactured by Zenon (Model ZW-500, surface area 46 m 2 , pore size 0.4 µm), was applied for separation of biomass before discharge. Hollow fiber membranes were immersed in the membrane tank, where the air was supplied at the bottom of membrane units in order to supply oxygen for biological treatment and to create cross flow for preventing membrane fouling. The membranes were backwashed periodically with permeate: 15 minutes of suction were followed by a backwash of about 30 s with permeate at transmembrane pressure of 1 to 8 psi. The raw wastewater was pumped into the pH adjustment tank for pH neutralization and then went through the anoxic, aerobic and membrane tanks. Mixed liquor in the aerobic tank was re-circulated back to the anoxic tank for denitrification. An internal pump was applied for wasting the sludge, moreover for agitating and balancing the MLSS between the aerobic and membrane tanks. Permeate, being controlled at a constant flow rate, was discharged.
MBR system operating parameters and conditions
After 20 days of seeding and start-up, the MBR system was in continuous operation for 200 days. The operating parameters are shown in Figure 1 Schematic diagram of MBR combined with RO system of the MBR system determined based on the influent flow rate was about 13.3 hours. Mixed liquor suspended solids (MLSS) was controlled roughly between 5,000 mg/L and 9,000 mg/L. The average sludge retention time (SRT) was quite long, 30-60 days, as a result of using membranes as the solids-separation devices. The permeate flux of the effluent was 0.18-0.35 m 3 m -2 d -1 . The re-circulation rate of the mixed liquor was set at 300% of the average influent flow rate (1.0-2.0 m 3 h -1 ). The temperature varied within the range of 20 and 35.
RO RO MBR MBR
The RO system consisted of four stages (1-1-1-1 array) with two membranes (polyamide, 2540 module from Dow Chemical) in each vessel. The design flows were 0.33 m 3 /hr, 0.26 m 3 /hr re-circulation rate, 0.07 m 3 /hr concentrate and 0.26 m 3 /hr for permeate. The overall flux was designed lower than 16 L/m 2 /hr and recovery rate is higher than 80%. The operational pressure is between 80-120 psi in the first stage and about 55-90 psi in the final stage.
Control, analysis and monitoring
Dissolved oxygen (DO), oxidation-reduction potential (ORP), pH, MLSS, temperature and flow rates were recorded daily using on-line controllers. Oxygen concentration in the mixed liquor was monitored using a DO meter (Eutech DO1000+DOTPII ) and maintained higher than 2.0 mg/L in the aerobic and membrane tanks. Submerged ORP electrodes (Eutech HTPTTSO05B, hydrogen type) monitored the oxidation-reduction potential within the anoxic and aerobic tanks. MLSS concentrations of each tank were monitored using on-line MLSS meter (Zullig Cosmos-25). The influent and effluent were sampled two to three times per week. The analysis of various constitutes including total nitrogen (T-N), total Kjeldahl nitrogen (TKN), nitrate (NO 3 -N), nitrite (NO 2 -N), chemical oxygen demand (COD), total organic carbon (TOC), biochemical oxygen demand (BOD 5 ), and total suspended solids (TSS) and orthophosphate (PO 4 3--P) were performed in accordance with the standard methods (APHA, 1993) and the corresponding instrument instruction manuals.
Results and discussion

Wastewater characteristics
The wastewater from the TFT-LCD (Thin Film Transistor Liquid Crystal Display) manufacturing plant was employed as the influent to the MBR system. The TFT-LCD manufacturing processes including array, color filter and liquid crystal need large quantities of organic solvent as developers, strippers and rinses, result in the discharge of large amounts of wastewater. In addition to organic carbon, such as dimethyl sulphoxide (DMSO, (CH 3 ) 2 SO) and isopropyl alcohol (IPA, CH 3 CHOCH 3 ), the wastewater often contains a significant quantity of organic nitrogen compounds, such as ethanolamine, (MEA, C 2 H 5 ONH 2 ) and tetra-methyl ammonium hydroxide (TMAH, (CH 3 ) 4 NOH). The characteristic of the wastewater is indicated in Table 2 . Besides, the amount of wastewater varies a lot with the change of manufacturing process and quantity of products. The COD/T-N ratio is about 5.1 and organic-nitrogen occupies more than 95% of the total nitrogen that presents the wastewater is highly organic-nitrogen contained.
Monitoring of DO, pH, ORP and temperature in MBR system Figure 2 shows the ORP and pH values recorded during experimental period. Sillen (1965) suggested that complete denitrification and nitrification should maintain ORP at -375 to -450 mV in anoxic tank and ORP above 100 mV in aerobic tank. It can be seen that the ORP in anoxic tank and aerobic tank were maintained in -300 to -400 mV and 50 to 200 mV respectively. The nitrification and denitrification was successfully achieved in MBR system. Besides, the pH were also kept at desired values between 7 and 8 in bioreactor. Temperature were varied between 20-35°C and the DO higher than 2 mgl/L in anoxic tank and lower than 1 mgl/L in anoxic tank. Figure 3 illustrates the influent and effluent quality of the MBR in terms of COD. More than 95% of soluble COD was removed and the COD concentration of effluent was between 20-40 mg/L. The advantage of MBR system is having a higher biomass concentration, which results in a higher removal of COD. Although the influent COD varied greatly, the effluent COD was really low and stabilized at less than 50 mg/L (Table 3) . This result Figure 4 shows the COD, TOC and BOD 5 concentration in the bioreactors. BOD 5 concentrations in the effluent were even at, or close to the laboratory detection limits (2 mg/L). Denitrification was carried out in anoxic tank, but it needs enough organic substances as carbon source. The organic substances contained in the wastewater were utilized as carbon source for denitrification. Besides, it was found that over 20% of COD was rejected by comparing the COD concentration between the membrane tank and effluent.
Carbon removal in MBR system
Nitrogen elimination in MBR system Figure 5 illustrates the nitrogen concentration in bioreactors. The removal efficiency of T-N and TKN reached 80% and 94% respectively. The result shows that more efficient and stable removal of nitrogen was observed in the MBR system than the conventional biological treatment processes. The removal efficiency of T-N in the conventional biological treatment process was only about 45-70% (Burica et al., 1996) . The complete retention of micro-organisms by the membrane can increase ammonia removal efficiency in MBR system (Cote et al., 1997) . Furthermore, most of the nitrogen content in the treated water was NO 3 -N, which indicated that denitrification was the rate-determining step in this system rather than nitrification. It may be attributed to the following two point: 1) nitrifying bacteria had sufficiently grown under the long SRT condition (30-60 days) and 2) denitrifying bacteria, depending the electron donor on organic matter in wastewater, would be deactivated when COD/T-N ratio was about 5.1. Figure 6 shows that the plant can be operated with a high biomass concentration by using membranes for sludge separation. MLSS concentration was maintained in the range of 5,000-9,000 mg/L and excess sludge was wasted in accordance with the sludge growth rate (average SRT: 30-60 days). Under the steady state conditions, the sludge production stabilized at a value of 0.047 kgSS/kgCODr, which is 4 to 6 times less than the conventional activated sludge process (0.2-0.3 kgSS/kgCODr). Table 3 concludes the overall result of the MBR system. Although the MLSS concentration was higher than 6,000 mg/L, the treated water was free of suspended solids due to a complete rejection of membrane. Besides, the effluent SDI value is under 3 that can be directly as the feed water to the RO system for recycling without any pretreatment. Furthermore, no chemical cleaning operation was needed during the experimental period since only slight change of TMP. It is proven that less power consumption is needed for immersed membrane system than the pressure driven type membrane. Figure 7 shows the results of scanning electron micrograph (SEM) of membrane. The hollow fiber membrane consists of a very thin skin layer supported by a supporting sub layer (Figure 7a ). The skin has the main functions of the membrane, since the overall flux and selectivity depend only on the structure of the membrane skin (Figure 7b ,c).
Variation of MLSS and flux in MBR system
Performance of RO system
The MBR treated water is already excellent. However the conductivity is till around 1,800 µs/cm. It is over high for cooling tower make-up application. Table 3 indicates the performance of MBR and RO treatment. After RO treatment, the value of COD is below detection limit. TOC and T-N are rejected more than 85 and 83%. The permeate are 2.1 and 5.5 mg/l for TOC and T-N respectively. Furthermore, more than 93% of dissolved ions are rejected by RO. Figure 8 shows the conductivity of permeate is even less than 120 µs/cm that makes the water suitable for cooling tower make-up. Figure 9 shows the comparison of wastewater in each stage of treatment. It is easily found that RO permeate is more clear and bright than the MBR treated water.
Conclusion
The opto-electronic industrial wastewater contains a significant quantity of organic carbon and organic nitrogen compounds with a ratio over 95% in organic nitrogen (Org-N) to total nitrogen (T-N). It was demonstrated that the MBR system is capable to produce an effluent with the excellent removal for COD and T-N. The effluent quality of COD and T-N can be dropped lower than 30 mg/L and 35 mg/L respectively. The quality of SS and BOD5 are also below detection limit. The treated water can meets the current stringent quality standards around the world. Moreover, the effluent SDI value is under 3 that can be directly 
